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Design-oriented stress—strain model for concrete under combined FRP-steel
confinement

Abstract

Extensive research has been conducted on fiber-reinforced polymer (FRP)-confined plain and RC columns,
leading to a large number of stress—strain models. Most of these models have been developed for FRP-
confined plain concrete and are thus applicable only to concrete in FRP-confined RC columns with a
negligible amount of transverse steel reinforcement. The few models that have been developed for
concrete under the combined confinement of FRP and transverse steel reinforcement are either
inaccurate or too complex for direct use in design. This paper presents an accurate design-oriented
stress—strain model for concrete under combined FRP-steel confinement in FRP-confined circular RC
columns. The proposed model is formulated on the basis of extensive numerical results generated using
an analysis-oriented stress—strain model recently proposed by the authors and properly captures the key
characteristics of FRP-steel-confined concrete as revealed by existing test results. The model strikes a
good balance between accuracy of prediction and simplicity of form and is shown to provide close
predictions of test results and perform significantly better than existing stress—strain models of the same

type.
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DESIGN-ORIENTED STRESS-STRAIN MODELS FOR
CONCRETE UNDER COMBINED FRP-STEEL CONFINEMENT

G. Linl, T. Yu® and J.G. Teng3

Abstract: Extensive research has been conducted on FRP-confined plain and
reinforced concrete (RC) columns, leading to a large number of stress-strain models.
Most of these models have been developed for FRP-confined plain concrete and are
thus applicable only to concrete in FRP-confined RC columns with a negligible amount
of transverse steel reinforcement. The few models that have been developed for
concrete under the combined confinement of FRP and transverse steel reinforcement
are either inaccurate or too complex for direct use in design. This paper presents an
accurate design-oriented stress-strain model for concrete under combined FRP-steel
confinement in FRP-confined circular RC columns. The proposed model is formulated
on the basis of extensive numerical results generated using an analysis-oriented
stress-strain model recently proposed by the authors and properly captures the key
characteristics of FRP-steel-confined concrete as revealed by existing test results. The
model strikes a good balance between accuracy of prediction and simplicity in form
and is shown to provide close predictions of test results and perform significantly better
than existing stress-strain models of the same type.

Keywords: RC column; Fiber reinforced polymer (FRP); Stress-strain model; Design;
Confinement; Transverse steel reinforcement

INTRODUCTION

In the past two decades, fibre-reinforced polymer (FRP) has emerged as a popular
confining material for the strengthening of existing concrete columns (Teng et al. 2002;
Hollaway and Teng 2008). As a result, extensive research has been devoted to the
behavior and modelling of FRP-confined concrete (FCC), mostly through axial
compression tests on short FRP-confined plain concrete columns. The vast majority of
the existing studies have been concerned with circular concrete columns under axial
compression, in which the concrete is uniformly confined. Similarly, the scope of the
present paper is limited to circular FRP-confined plain or reinforced concrete (RC)
columns under axial compression.

As far as circular columns are concerned, the results of axial compression tests on short
FRP-confined plain concrete columns can now be closely predicted by some of the
existing stress-strain models such as those proposed by Jiang and Teng (2007) and Teng
et al. (2009). These stress-strain models, however, cannot be directly used in predicting
the behavior of FRP-confined RC columns (referred to as FCRC columns hereafter)
when the column is provided with a significant amount of transverse steel
reinforcement (TSR) . In FCRC columns, the core concrete is subjected to combined
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confinement from the FRP jacket and the TSR, and is referred to as FRP-steel-confined
concrete (FSCC) hereafter.

The behavior of FSCC has received increasing research attention in recent years
(Demers and Neale 1999; Pessiki et al. 2001; Li et al. 2003; Lin and Liao 2004; Carey
and Harries 2005; Esfahani and Kianoush 2005; Matthys et al. 2005; Rocca 2007; Ilki
et al. 2008; Eid et al. 2009; Chastre and Silva 2010; Lee et al. 2010; Wang et al. 2012;
Zhang 2012), leading to several stress-strain models. Similar to those for FCC (Teng
and Lam 2004), the existing stress-strain models for FSCC can be classified into two
main categories: design-oriented models in closed-form expressions (e.g., Eid and
Paultre 2008; Chastre and Silva 2010; Lee et al. 2010; Pellegrino and Modena 2010;
Wang et al. 2012; Shirmohammadi er al. 2015) and analysis-oriented models which
predict stress-strain curves using an incremental procedure (e.g., Braga er al. 2006;
Megalooikonomou et al. 2012; Hu and Seracino 2013). Compared with
analysis-oriented models, design-oriented models are particularly suitable for direct
application in design calculations. By contrast, analysis-oriented models, which
account explicitly for the interaction between the confining material(s) and the concrete,
are more versatile and may be used to gain a better understanding of behavior and to
generate numerical results for the development of a design-oriented model (Teng et al.
2009). Existing design-oriented stress-strain models for FSCC have generally been
established based on the interpretation of limited experimental results available to the
researchers at the time of their study. The accuracy of these models therefore depends
greatly on the quality and extensiveness of the test database employed.

The present paper is concerned with the development of a new design-oriented
stress-strain model for FSCC using a different methodology. This new design-oriented
model is based on extensive numerical results from an accurate analysis-oriented model
recently proposed by the authors (Teng et al. 2014). Teng et al.’s (2014) model is
within the framework of Jiang and Teng’s (2007) model for FCC but includes
necessary revisions to account for the effect of TSR. With Teng et al.’s (2014) model,
the stress-strain curve is generated via an incremental process that makes use of a series
of stress-strain curves of actively-confined concrete at different confining pressures
(Teng et al. 2014). Teng et al.’s (2014) model has been verified against a large test
database and has been shown to be superior to other existing stress-strain models of the
same category (i.e., Braga et al. 2006; Megalooikonomou et al. 2012; Hu and Seracino
2013) in terms of both rationality and accuracy. A similar approach has previously been
employed by Teng et al. (2009) to develop a design-oriented stress-strain model for
FCC (i.e., concrete confined with FRP only).

The paper begins with a description of the stress-strain behavior of FSCC as revealed
by existing test results, based on which algebraic expressions for a three-segment
stress-strain model is proposed. The definitions of key parameters in the proposed
model are then developed on the basis of regression analyses of numerical results
obtained from Teng et al.’s (2014) analysis-oriented model. Finally, the performance of
the proposed model is verified against a large test database and compared with existing
design-oriented stress-strain models.

It should be noted that in this paper, the term “stress-strain” represents “axial
stress-axial strain” unless otherwise specified. The following sign convention is
adopted: in the axial direction, compressive stresses and strains are positive but in the
hoop direction, tensile stresses and strains are positive.
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STRESS-STRAIN BEHAVIOR OF FSCC

Figure 1 shows two typical stress-strain curves of FSCC generated using Teng et al.’s
(2014) analysis-oriented model; the curves of the corresponding FCC and
steel-confined concrete (SCC) (i.e., concrete confined with steel only) generated using
the same model are also shown for comparison. Figure 1(a) is for a case where the FRP
jacket is relatively flexible, while Figure 1(b) is for a case with a relatively stiff FRP
jacket. Figure 1(a) shows that the curve of FSCC is very close to that of the
corresponding SCC when the FRP jacket is relatively flexible. In this case, the
stress-strain behavior of FSCC can be closely and conservatively predicted by an
existing stress-strain model for SCC, with the contribution of FRP being ignored.
Therefore, this paper is concerned mainly with cases similar to that shown in Figure 1(b)
where a relatively stiff FRP jacket leads to an FSCC curve which is significantly higher
than that of the corresponding SCC. With the relatively stiff FRP jacket, the curve of
FCC shows a monotonically increasing bilinear shape [Figure 1(b)], which has been
well established by existing research on FCC (e.g., Lam and Teng 2003; Teng et al.
2009). The threshold of FRP jacket stiffness to ensure such a bilinear stress-strain curve
of FCC has been investigated by many researchers, and the following equation for the
confinement stiffness ratio ( o, ) was proposed by Teng et al. (2009) for their model:
Py = ZE—fIf >0.01 (1)
©D(f/e,)

where E, and 7, are the elastic modulus and the thickness of the FRP jacket

respectively; D is the diameter of the column section; f/ and &, are the

compressive strength of unconfined concrete and the corresponding strain respectively.
Eq. (1) is also adopted in the present study as the definition of a sufficiently stiff FRP
jacket for FSCC. In the subsequent sections, FSCC refers to FSCC with a p, value

not smaller than 0.01 unless otherwise specified.

It is evident from Figure 1(b) that the stress-strain curve of FSCC possesses the
following characteristics: (1) it consists of two approximately linear portions connected
by a curved transition portion; (2) the transition portion is significantly longer than that
of the corresponding FCC; (3) the second linear portion is higher than and
approximately parallel to that of the FCC. These characteristics have also been well
established by the existing experimental results (Teng er al. 2014). Because of the
existence of a much longer transition portion, the form of expressions used in existing
design-oriented stress-strain models for FCC may not be suitable for FSCC. The
expressions of Lam and Teng’s stress-strain model for FCC (Lam and Teng 2003; Teng
et al. 2009) are employed here to clarify this point. These expressions have been
adopted in various design codes/guidelines, including the relevant Chinese standard
(GB50608 2010) and the relevant design guidelines developed by the American
Concrete Institute [ACI 440-08 (2008)] and the UK Concrete Society (2012). Lam and
Teng’s (2003) model consists of a parabolic first segment and a linear second segment,
and is given by the following expressions:

2
E -E
Ee, —(C—Z)gf 0<e¢ <g,
o= 4/, (2)
fitE.&, & SE €,
where o, and & are the axial stress and strain of concrete respectively; E_ 1is the
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elastic modulus of concrete; E, is the slope of the linear second segment of the
stress-strain curve; f; is the intercept of the stress axis by the linear second segment
(referred to as the intercept stress hereafter); and €, and f, are the transition strain

1

and stress for FCC respectively.

With Lam and Teng’s model, the linear second segment (i.e., a two-parameter function)
is uniquely defined by the slope E, and the ultimate state (€, f ); the parabolic first
segment (i.e., a three-parameter function) as well as the transition strain and stress is
uniquely defined by E_, the condition that the two segments connect smoothly, and the

cu

implied condition that the curve passes through the origin. In Figure 2, a typical
stress-strain curve of FSCC from Wang et al.’s (2012) tests is compared with the
corresponding curve generated by Lam and Teng’s model using the experimental values
for E,, E, and the ultimate state (&, f. ). It is evident from Figure 2 that a

significant discrepancy exists between the two curves in the transition zone despite the
good agreement of the two in terms of other parts; the strain at the starting point of the
second linear portion (i.e., the transition strain) of FSCC is also seen to be significantly
larger than that on the curve generated by Lam and Teng’s model. It should be noted
that when stress-strain curves for FSCC are discussed elsewhere in the paper, the term
“transition strain” is reserved for the starting point of the second linear portion (i.e.,
referred to as “segment” in the models) for simplicity of presentation although another
transition strain exists between the first linear portion and the curved transition portion
when the whole stress-strain curve is modelled as three segments. Apparently, the
expressions adopted by Lam and Teng’s model cannot provide close predictions for
FSCC.

cu’

PROPOSED STRESS-STRAIN MODEL FOR FSCC

Algebraic Expressions for Stress-Strain Curves

As shown in Figure 1(b), the stress-strain curve of FSCC generally consists of two
approximately linear portions connected by a curved transition portion. A review of the
existing stress-strain models for FSCC reveals that these models can be classified into
three categories: single-segment models which use a single expression to describe the
entire stress-strain curve (e.g., Chastre and Silva 2010; Pellegrino and Modena 2010;
Wang et al. 2012; Shirmohammadi et al. 2015), two-segment models which consist of
two segments defined by two separate expressions (e.g., Li ef al. 2003; Harajli 2006;
Eid and Paultre 2008) and three-segment models which consist of three segments
defined by three separate expressions (e.g., Lee ef al. 2010). Lin et al. (2015) examined
the algebraic expressions of existing models, and explored four different options for
representing the stress-strain curve of FSCC based on the test results collected by them.
Among the four options, the following three-segment option, which strikes a good
balance between accuracy of prediction and simplicity in form, is adopted in the
present study. The stress-strain curve defined by the three-segment option consists of
two linear segments connected by a curved transition segment (

Figure 3) which is described by a four-parameter nth-order expression. The
four-parameter expression allows the use of a predefined transition strain in
determining the parameters. The three-segment model is expressed by:
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Ec¢ forO<e <g,
n
O.= f()+Ec(gc—8())+a(gc—80) for g()sgc<gt 3)

f+E, (€. -¢€) fore <e <e,

where & and f; are the strain and the stress of the termination point of the first linear

segment; a and n are constants and can be determined with the condition that the
second segment and the third segment (also referred to as the second linear segment or
final segment in the paper) are smoothly connected at the transition point (&,, f, ):

n= EZ_EC

4
ESeC - EC ( )
E.-E
a= T )(,il) (5)
£ —&
=Lk ©)
£ &

The termination point of the first linear segment (&, f;,) is defined to be at the stress
level of Af. so that this model reduces to Lam and Teng’s (2003) model when there is
no TSR (i.e., Af. =0). That is,

fo=4F (7)

& = fO/Ec ©)

There are five independent parameters in the three-segment model (i.e., E,, E_, f,
g, and ¢, ), while the transition stress, f, can be found from f, = f, + E,£,. Among
the  five independent  parameters, E, can be  obtained  from

E.=4730,/f. (f. in MPa) following ACI 318-08 (2008); f is generally taken to

L

be equal to f, for FCC (Lam and Teng 2003), and can thus be calculated as
fi=f. +Af. with Af. being used to account for the increase of intercept stress due

to confinement from TSR. The remaining three parameters, E,, &, and &, , as well

as Af., need to be found from regression analyses of numerical results generated using
Teng et al.’s (2014) analysis-oriented model and are discussed later in this paper. It
should be noted that the slope of the second linear segment (i.e., the final-segment
slope) in the present three-segment model (denoted by E,) corresponds to that of the

second segment in Lam and Teng’s (2003) model for FCC.

Final-Segment Slope E,

As discussed earlier, the second linear portion of the stress-strain curve of FSCC is
approximately parallel to that of the corresponding FCC (Figure 1). Therefore, an
equation capable of close predictions for the final-segment slope (E,) of FCC is

expected to also provide close predictions for that of FSCC. In the present study, a
parametric study (i.e., Parametric Study 1) was conducted using Teng et al.’s (2014)
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model on FCC to generate numerical results to derive such a predictive equation. Teng
et al.’s (2014) model reduces to Jiang and Teng’s (2007) model for FCC when there is
no TSR. The main parameters considered in the parametric study included the
unconfined concrete strength ( f. ), the confinement stiffness ratio of FRP ( o, ), and

the rupture strain of FRP (¢, ). The ranges of these parameters in the parametric

study were selected with reference to values commonly found in laboratory tests and
practical cases, which are summarized in Table 1. In the parametric study, it was

assumed £,=9.37x10"4f, (f, in MPa) (Popovics 1973) and

co

E =4730./f. (f., in MPa) (ACI 318-08 2008). The final-segment slope (E,) was

obtained from each stress-strain curve generated in the parametric study in the
following way: (1) assume that the intercept stress is equal to f, following Lam and
Teng (2003); (2) obtain the stress and strain at the ultimate state from the curve; (3)
calculate E, as the slope of the straight line connecting the point of ultimate state and
the point of intercept stress (0, f. ). Similar to the findings from numerous
experimental and theoretical studies (e.g., Samaan et al. 1998; Xiao and Wu 2000;
Fahmy and Wu 2010), results from the parametric study showed that that the
final-segment slope ( E, ) depends greatly on the FRP confinement stiffness ratio ( 0, )

(Figure 4). The following expression is therefore proposed for E, for both FCC and

FSCC based on a regression analysis of the results from the parametric study:

L 299 (p,)+134 )

co

With Eq. (9), the threshold of p, for a positive E, can be obtained to be 0.0113,
which is approximately the same as that proposed by Teng et al. (2009) [i.e., Eq. (1)].

Increase of Intercept Stress due to TSR

Another parametric study (i.e., Parametric Study 2) was conducted to obtain a
predictive equation for the increase of intercept stress due to confinement from TSR

(i.e., Af, in
Figure 3). It should be noted that Af. is different from Af” in Teng er al.’s (2014)

model, where the latter represents the TSR contribution to the peak axial stress in the
stress-strain model for active confinement adopted by Teng et al. (2014). The main
parameters considered in the parametric study included the effective steel confinement
stiffness (K,,,,) and the yield stress of the steel spiral/hoops ( f,,) besides the three

parameters adopted in Parametric Study 1, based on the findings from Teng et al.
(2014). Following Mander et al. (1988) and Teng et al. (2014), the effective steel

confinement stiffness (K ) is defined by:

2k E_A
— e sty 1()
steel Sd ( )

s

steel

K

where E_, fyh ,and A, are the elastic modulus, yield stress, and cross-sectional area

of a steel spiral/hoop respectively; s is the vertical center-to-center spacing of steel
hoops or spirals; d_ is the diameter of center line of steel spirals/hoops; and k, 1is the

confinement effectiveness coefficient to account for confinement non-uniformity over
the column height and is defined as follows:
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, 2
(1 - st j %1 - p..) for circular hoops

k, = ' (11)

(1 - SJ /(1 - p..) for circular spirals

2d,
where s is the clear vertical spacing of steel spirals/hoops (s"=s—d_ ) and p_ is the

ratio of cross-sectional area between the longitudinal steel reinforcement and the
enclosed concrete core.

With the definition of K
yielding of TSR can be calculated as

the effective confining pressure from TSR after the

steel *

’ Ksteel yh
f}s’y =K_ & :T (12)

steel =y
s

where € is the yield strain of steel spirals/hoops.

The ranges for the parameters covered in the parametric study are also summarized in
Table 1. The increase of intercept stress due to confinement from TSR (i.e., Af.) was

obtained from each stress-strain curve generated in the parametric study in the
following way: (1) obtain the stress and strain at the ultimate state from the curve; (2)
obtain the intercept stress, f;, as the intercept of the stress axis by the straight line

which has a slope of E, calculated from Eq. (9) and passes through the point of
ultimate state; (3) find Af, by Af. = f, — f. . It should be noted that although most

of the stress-strain curves generated in the parametric study have a shape similar to that
shown in Figure 1(b), a small fraction of the curves does not have the linear final
portion (Figure 5). This happens when the confinement from the TSR is very low
and/or the rupture strain of FRP is relatively small so that the ultimate state (i.e., FRP
rupture) is reached before the yielding of TSR. These curves were identified by
comparing the slope of the stress-strain curve at the ultimate state and the E, value of

the corresponding FCC, and were excluded when calculating Af. .

The results from the parametric study indicate that Af. depends greatly on the
effective steel confinement ratio ( f, / f. ) and the confinement stiffness ratio between
FRP and TSR (p, =K, /K, ). To propose a rational expression for Af, the
following two extreme conditions were considered: (1) when no TSR is present, Af,
should be equal to zero; (2) as Af. basically represents the increase of strength due to

confinement of TSR, its expression may be so selected that it reduces to an accurate
existing equation for the peak stress of SCC when there is no FRP jacket (i.e., p, =0).

Given the above considerations, the following equation is proposed:

Af’ f‘l;y 0.736
Sa =32 (13)
-fco I:-fw (1+apf)}

Eq. (13) provides accurate predictions of the axial stress of SCC when p, =0 (Teng

et al. 2014). A regression analysis was conducted to minimize the errors between the
predictions of Eq. (13) and the results from the parametric study (i.e., Parametric Study
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2), leading to a = 7.07 and b = 1.60 (Figure 6). Eq. (13) thus becomes:

, , 0.736
%:3'12 , o 1.60 (14)
f, fo(1+7.07p}%)

Transition Strain

The transition strain (&) is the strain at the starting point of the second linear portion of

the stress-strain curve of FSCC. The second linear portion is governed mostly by the
confinement stiffness of FRP, which means that the confinement effect of TSR becomes
negligible after the transition strain. Therefore, it is reasonable to expect that the
transition strain is approximately equal to the strain at the peak stress of SCC (&,,)

when the confinement stiffness of FRP is not too large. This is also evident from the
experimental results from a number of studies on FSCC (Carey and Harries 2005;
Matthys et al. 2005; Eid et al. 2009; Chastre and Silva 2010; Wang et al. 2012). The

strain at the peak stress of SCC (&, ) can be predicted by a model for actively confined
concrete (which can closely approximate the response of SCC after the yielding of TSR)

such as the model proposed by Jiang and Teng (2007):

, 12
i=1+3.89(f—0f—1j (15)

£

co co

where f is the peak stress of SCC.

In addition, the transition strain of FSCC should reduce to that of FCC when there is no
TSR. Based on these considerations, the following equation is proposed for the

transition strain (£, ) of FSCC:

,N\12
i=1+3.89(£ﬁj (16)
&y co
where
2f
£, =—"— 17
" E -E, (7

Eq. (16) means that &, is equal to the transition strain of FCC, Ess when there is no

TSR (Af.. is equal to zero) and the transition strain &, increases with the confinement
stiffness of FRP, which is consistent with the test results of FSCC (e.g., Eid et al. 2009;
Wang et al. 2012). Moreover, as &, is very close to €, when the confinement
stiffness of FRP is not too large, Eq. (16) implies that &, is approximately equal to
£, inEq. (15).

cc

Ultimate State

The ultimate state of FSCC is reached when the FRP jacket ruptures due to hoop
tension (i.e., when the hoop strain of FRP reaches its rupture strain). Teng et al. (2014)
proposed the following axial strain-FRP hoop strain relationship for FSCC:
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0.7
L —085( 1482 4oL I 10075 Zi || —exp| —7[ 22 (18)
SL'() f‘L’U ‘f‘C() gL’() SL'U
a=159+15.1p, (19)
With this relationship, the ultimate strain of FSCC (¢, ) can be calculated by equating
the FRP hoop strain (§,) to the hoop rupture strain of FRP (¢, )
£,

, 0.7
Za=0.85/1+8 Ju. oy f"“j”" 140.75| S —exp| -7 Enrp (20)
g(‘() fC() fC{) gco gco

where f, . and f.  arethe confining pressures from FRP and TSR at the ultimate

state respectively. f,;w can in principle be replaced by f,:_’y as long as the yield
strain of TSR is smaller than the hoop rupture strain of the FRP jacket.

Eq. (20), however, is too complex for direct use in practical design. To simplify Eq.
(33), the expression within the curly bracket on the right side of this equation is shown
against ¢, /€, in Figure 7. It is evident from Figure 7 that the curve becomes
almost linear when ¢, , /¢, exceeds around 0.5 (or when ¢, exceeds around

0.1%). This observation allows the use of a linear function to replace the complex
expression within the curly bracket, considering that the rupture strain of commonly
used FRP (e.g., carbon FRP and glass FRP) is much larger than 0.1%. The following
equation is therefore proposed to replace Eq. (33):

La ), 85(1+8f’f”’” JC’”]{HO%S( ’”‘“’H 1)
£, 1 f £

Ca co co co

Eq. (21) can be rewritten as:

Eat  §(fy s €y ) +0.850 2

ﬁa)
€

co co

where @(fy ,.,-€,,,) 1safunctionof f, — and g, .Apparently, Eq. (22) reduces

(1+0.465p,) (22)

to the following equation for FCC:

E.,
EL = ¢(«flf,rup ’ gh,rup ) (23)

co

To retain consistency with the equation proposed by Teng et al. (2009) for the ultimate
strain of FCC, @(fy ,,,-€,.,,) 18 replaced by the corresponding expression in Teng ef

al.’s (2009) model, and Eq. (22) becomes:
Eo 17546501 1" + 0850 L

co co

2 (1+0.465p, ) (24)

The predictions of Eq. (24) are compared with those of Eq. (20) in Figure 8 for all the
numerical cases in Table 1; close agreement can be seen between the two.

The ultimate strain €, is normally larger than the transition strain & calculated by

Eq.(16), except for cases where the confinement from TSR is very high and/or the
rupture strain of FRP is relatively small (Figure 5).
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Summary of the Proposed Model

When ¢, >¢,, Egs. (9), (14), (16), and (24), which are for E,, Af., € and €,

respectively, can be employed together with Eq. (3) to define the proposed model to
predict the stress-strain response. In the rare case where €, <¢,, the final segment
does not exist, so the proposed model only has two segments (i.e., the first two
segments) with the second one terminating at a strain of &, . Nevertheless, for the
latter case, Eqgs. (9) and (14) for E, and Af. still need to be used to define the virtual
final segment so that f, can be found and used together with & to define the first

segment or the first two segments. The ultimate stress f. can be easily found from

cu *

It should also be noted that the proposed model is different from most existing
stress-strain models (e.g., Lam and Teng 2003; Teng et al. 2009) for FCC or FSCC in
the determination of E,. In the existing models (e.g., Lam and Teng 2003; Teng et al.

f.) and the point of

intercept stress (0, f;). The main disadvantage of such models is that they predict

2009), E, is calculated using the point of ultimate state (&

cu

different stress-strain paths for the same concrete confined with an FRP jacket of the
same hoop stiffness but different FRP rupture strains ( ¢,,,, ). Although these

differences are small in practical cases, they are conceptually in disagreement with the
understanding that the stiffness instead of the hoop rupture strain of the FRP jacket
determines the stress-strain path. The advantage of such models is that they provide an
explicit definition of the ultimate state, which is convenient in section analysis and
member design. The proposed stress-strain model overcomes this drawback by
ensuring that E, of the stress-strain curve is directly related to the stiffness of the FRP

rup

jacket. The proposed stress-strain model therefore may be referred to as a
stiffness-based stress-strain model which is superior in cases where the correct
prediction of stress-strain paths is of greater importance (e.g., seismic response
analysis).

PERFORMANCE OF THE PROPOSED MODEL
Test Database

The test database of the present study consists of 48 FCRC specimens. It includes all
the test data collected by Teng et al. (2014) from the studies of Demers and Neale
(1999), Pessiki et al. (2001), Eid et al. (2009), Chastre and Silva (2010), Wang et al.
(2012) and Zhang (2012), and results of another 5 FCRC specimens tested by Matthys
et al. (2005). The 5 FCRC specimens of Matthys ef al. (2005) had a diameter of 400

mm and covered the ranges of parameters as follows: f =29.2~33.4MPa ,

co

£l ]fL=00225~0.0258 . K,,/f,=803~920 , p,=00121~0.149 |,

p. =1.15~3.33. Matthys et al. (2005) provided only the axial stress-axial strain

curves of these specimens (i.e., no axial stress-lateral strain curves), so they were not
included in Teng et al’s (2014) database. All the FRP-confined specimens were
wrapped with an FRP jacket with fibers oriented in the hoop direction only via a wet
lay-up process; 13 specimens tested by Eid er al. (2009) were reinforced with steel
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spirals while the other specimens were reinforced with steel hoops.

The majority of the specimens in the database are medium- to large-scale specimens
with the diameter being not smaller than 250 mm (up to 508 mm). It has been widely

reported that the unconfined strength of concrete ( f,,) in columns of such a scale may
be significantly lower than that found from standard concrete cylinder tests (i.e., f,)
and f’
varies and is somewhat uncertain (Park and Paulay 1975; Demers and Neale 1999;
Chastre and Silva 2010; De Luca et al. 2010; Zhang 2012). In the present study, fc:, is
taken to be 0.85 f/ following ACI 318 (2008) for all the specimens except the

specimens presented in Pessiki ef al. (2001), Chastre and Silva (2010) and Wang et al.
(2012) where FCC columns with the same dimensions as the corresponding FCRC

columns were tested; for these specimens, f, was back-calculated from the test

using 150mm x 300 mm cylinders, although the difference between f,

co

results of FCC columns using Jiang and Teng’s (2007) model. The same method of
determining f. has also been adopted by Teng et al. (2014) and other researchers
(e.g., Saatcioglu and Razvi 1992).

Increase of Intercept Stress due to TSR Af.,

The experimental value of Af. can be obtained as Af. = f, — f. , where the intercept
stress f; can be extracted from the experimental stress-strain curve. The so-obtained
Af. values of all the 48 FCRC specimens are shown in Figure 9 against the curve

depicted by Eq. (14). It is evident that Eq. (14) generally provides reasonably close
predictions of the test results for a wide range of effective steel confinement ratios. A
relatively large scatter exists for FSCC with a low effective steel confinement ratio,

which is believed to be at least partially due to the use of f, as the intercept stress of
FCC.

Stress-Strain Curves

The predictions of the proposed model are compared with typical test results from Eid
et al. (2009) and Wang et al. (2012) in Figure 10. The predictions of existing
design-oriented models proposed by Harajli (2006), Eid and Paultre (2008), Pellegrino
and Modena (2010), and Wang et al. (2012) are also shown in Figure 10 for
comparison. As mentioned earlier, the first two of these existing models are typical
single-segment stress-strain models while the last two are typical two-segment
stress-strain models. Among these models, the ones proposed by Harajli (2006),
Pellegrino and Modena (2010) and Wang et al. (2012) are for the average axial
stress-strain behavior of the concrete in the entire section. These models ignore the
clear difference between the core concrete (i.e., FSCC) and the cover concrete which is
subjected to FRP confinement only (i.e., FCC), which is a significant disadvantage as in
column analysis the cover and the core parts of the section are typically separately
treated. To make the comparison with these models possible, the average stress of
concrete in an FCRC column instead of the stress of the core concrete (i.e., FSCC) is
used in Figures 10 and 11. The experimental average axial stress of concrete in an
FCRC column was calculated using the following equation:
P-P

Oy = 25
c,avg Ag _AS ( )
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where P is the total axial load carried by the column; P, is the axial load carried by
the longitudinal steel bars; A, is the gross area of the column section; and A is the

total area of the longitudinal steel bars. For models which predict different axial

stresses for the core concrete and the cover concrete (e.g., the models proposed in the

present study), the average axial stress of the entire section was calculated as follows:
O.peBvre T O A

j— core core cover cover (26)

Teas = A +A

core cover

where o and A__ are the axial stress and area of the core concrete (excluding the

core core

area of longitudinal steel bars) respectively; and o and A are the axial stress

and area of the cover concrete respectively. The experimental hoop rupture strain of
FRP (¢, ,,,) was used to find the ultimate axial strain for all the models.

It is obvious from Figure 10 that the model proposed by Pellegrino and Modena (2010)
fails to provide accurate predictions of the test results. Harajli’s (2006) model provides
reasonable but not accurate predictions of the results presented by Eid et al. (2009), and
significantly underestimates the ultimate strain of the specimens tested by Wang et al.
(2012). Wang et al.’s (2012) model performs well for their own specimens, but fails to
predict the test results presented by Eid er al. (2009) especially in terms of the ultimate
strain. Eid and Paultre’s (2008) model appears to be the most accurate among the
existing models, but this model becomes inaccurate for specimens with a relatively
high effective steel confinement ratio [Figure 10 (e)-(g)]. It is evident from Figure 10
that the proposed model provides accurate predictions of all the test results, and
performs significantly better than all the existing models.

Figure 11 shows a comparison for FSCC in four FCRC specimens tested by Lee et al.
(2010) which were reinforced with steel spirals of very high yield strength (i.e., 1200
MPa). Lee et al.’s (2010) specimens were not used in the development of the model of
Teng et al. (2014) as the hoop strain data from this study were questionable (Teng et al.
2014). As a result, the predictions are terminated at the experimental ultimate axial
strain for all the models in Figure 11. It can be seen again that the proposed model
performs much better than all the existing models. The proposed model however
slightly overestimates the axial stress over the transition portion as the confining
pressure from the steel spirals after yielding is directly used in calculating the transition
strain defined by Eq. (16), but in reality this confining pressure had to increase
gradually from zero to the value at yielding. This issue is not so significant for TSR
with a much lower yield stress.

Ultimate State

Figure 12 shows the comparison for ultimate axial strains for all the 48 FCRC
specimens, while the comparison for ultimate axial stresses is shown in Figure 13. It is
evident that the proposed model provides accurate predictions of the ultimate state of
FSCC.

CONCLUSIONS

This paper has presented a three-segment design-oriented stress-strain model for
FRP-steel-confined concrete (FSCC) in FRP-confined circular RC columns. The
proposed model has been formulated on the basis of extensive numerical results
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generated using an accurate analysis-oriented stress-strain model recently proposed by
the authors as well as the key characteristics of FSCC as revealed by test results. It
consists of a linear initial segment, a curved transition segment, and a linear final
segment; the transition segment is smoothly connected to both the initial segment and
the final segment. The proposed model reduces to Lam and Teng’s well-known
stress-strain model for FRP-confined concrete (Lam and Teng 2003; Teng et al. 2009)
when no confinement from transverse steel exists. The proposed model has been shown
to provide accurate predictions of test results and perform significantly better than
existing stress-strain models of the same type. The proposed model strikes a good
balance between accuracy of prediction and simplicity in form, and its algebraic
expressions allow much simpler mathematical manipulations (e.g., differentiations and
integrations) than those of the existing models.

It is worth noting that the present paper has been focused on the development of a
stress-strain model for FSCC in columns under monotonic concentric axial compression.
The extension of the model for use in columns subjected to combined axial compression
and bending or cyclic loading is an important subject for future research.

ACKNOWLEDGMENTS

The authors are grateful for the financial support received from the Research Grants
Council of the Hong Kong Special Administrative Region (Project No: PolyU
152153/14E), the National Basic Research Program (i.e., 973 Program) (Project
Number: 2012CB026200) as well as the Australian Research Council through a
Discovery Early Career Researcher Award (Project ID: DE140101349) for the second
author.

REFERENCES

ACI 318-08 (2008). Building Code Requirements for Structural Concrete and
Commentary, American Concrete Institute, Farmington Hills, Michigan, USA.

ACI 440-08 (2008). Guide for the Design and Construction of Externally Bonded FRP
Systems for Strengthening Concrete Structures, American Concrete Institute,
Farmington Hills, Michigan, USA.

Braga, F., Gigliotti, R. and Laterza, M. (2006). “Analytical stress-strain relationship for
concrete confined by steel stirrups and/or FRP jackets”, Journal of Structural
Engineering, ASCE, Vol. 132, No. 9, pp. 1402-1416.

Carey, S.A. and Harries, K.A. (2005). “Axial behavior and modeling of confined small-,
medium-, and large-scale circular sections with carbon fiber-reinforced polymer
jackets”, ACI Structural Journal, Vol. 102, No. 4, pp. 596-604.

Chastre, C. and Silva, M.A. (2010). “Monotonic axial behavior and modelling of RC
circular columns confined with CFRP”, Engineering Structures, Vol. 32, No. 8,
pp- 2268-2277.

Concrete Society (2012). Design Guidance for Strengthening Concrete Structures



539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573

Using Fibre Composite Materials, 3rd Edition, Technical Rep. No. 55,
Crowthorne, Berkshire, U.K.

De Luca, A., Nardone, F., Matta, F., Nanni, A., Lignola, G.P. and Prota, A. (2010).
“Structural evaluation of full-scale FRP-confined reinforced concrete columns”,
Journal of Composites for Construction, ASCE, Vol. 15, No. 1, pp. 112-123.

Demers, M. and Neale, K.W. (1999). “Confinement of reinforced concrete columns
with fibre-reinforced composite sheets-an experimental study”, Canadian Journal
of Civil Engineering, Vol. 26, No. 2, pp. 226-241.

Eid, R. and Paultre, P. (2008). “Analytical model for FRP-confined circular reinforced
concrete columns”, Journal of Composites for Construction, ASCE, Vol. 12, No.
5, pp. 541-552.

Eid, R., Roy, N. and Paultre, P. (2009). “Normal- and high-strength concrete circular
elements wrapped with FRP composites”, Journal of Composites for
Construction, ASCE, Vol. 13, No. 2, pp. 113-124.

Esfahani, M. and Kianoush, M. (2005). “Axial compressive strength of reinforced
concrete columns wrapped with FRP”, International Journal of Engineering
Transactions B: Applications, Vol. 18, No. 1, pp. 9-19.

Fahmy, M.EM. and Wu, Z. (2010). “Evaluating and proposing models of circular
concrete columns confined with different FRP composites”, Composites Part B:
Engineering, Vol. 41, No. 3, pp. 199-213.

GB-50608 (2010). Technical Code for Infrastructure Application of FRP Composites,
Code of China, China Planning Press, Beijing, China.

Harajli, M.H. (2006). “Axial stress-strain relationship for FRP confined circular and
rectangular concrete columns”, Cement and Concrete Composites, Vol. 28, No.
10, pp. 938-948.

Hollaway, L.C. and Teng, J.G. (2008). Strengthening and Rehabilitation of Civil
Infrastructures Using Fibre-Reinforced Polymer (FRP) Composites, Woodhead
Publishing, Cambridge, UK.

Hu, H. and Seracino, R. (2013). “Analytical model for FRP-and-steel-confined circular
concrete columns in compression”, Journal of Composites for Construction,
ASCE, Vol. 18, No. 3, pp. A4013012.

IlIki, A., Peker, O., Karamuk, E., Demir, C. and Kumbasar, N. (2008). “FRP retrofit of
low and medium strength circular and rectangular reinforced concrete columns”,
Journal of Materials in Civil Engineering, ASCE, Vol. 20, No. 2, pp. 169-188.

Jiang, T. and Teng, J.G. (2007). “Analysis-oriented stress-strain models for



574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608

FRP-confined concrete”, Engineering Structures, Vol. 29, No. 11, pp. 2968-2986.
Lam, L. and Teng, J.G. (2003). “Design-oriented stress-strain model for FRP-confined
concrete”, Construction and Building Materials, Vol. 17, No. 6, pp. 471-489.

Lee, J.Y.,, Yi, C.K,, Jeong, H.S., Kim, S.W. and Kim, J.K. (2010). “Compressive
response of Concrete confined with Steel Spirals and FRP Composites”, Journal
of Composite Materials, Vol. 44, No. 4, pp. 481-504.

Li, Y.E, Lin, C.T. and Sung, Y.Y. (2003). “A constitutive model for concrete confined
with carbon fiber reinforced plastics”, Mechanics of Materials, Vol. 35, No. 3, pp.
603-619.

Lin, G., Yu, T. and Teng, J.G. (2015). “On the representation of stress-strain behaviour
of concrete under combined FRP and steel confinement”, [2th International
Symposium on Fiber Reinforced Polymers for Reinforced Concrete Structures
(FRPRCS-12) & 5th Asia-Pacific Conferenceon Fiber Reinforced Polymers in
Structures (APFIS-2015), 14-16 December, Nanjing, China.

Lin, H.J. and Liao, C.I. (2004). “Compressive strength of reinforced concrete column
confined by composite material”’, Composite Structures, Vol. 65, No. 2, pp.
239-250.

Mander, J.B., Priestley, M.J. and Park, R. (1988). “Theoretical stress-strain model for
confined concrete”, Journal of Structural Engineering, ASCE, Vol. 114, No. 8, pp.
1804-1826.

Matthys, S., Toutanji, H., Audenaert, K. and Taerwe, L. (2005). “Axial load behavior of
large-scale columns confined with fiber-reinforced polymer composites”, ACI
Structural Journal, Vol. 102, No. 2, pp. 258-267.

Megalooikonomou, K.G., Monti, G. and Santini, S. (2012). “Constitutive Model for
Fiber-Reinforced Polymer-and Tie-Confined Concrete”, ACI Structural Journal,
Vol. 109, No. 4, pp. 569.

Park, R. and Paulay, T. (1975). Reinforced Concrete Structures, Wiley, New York,
USA.

Pellegrino, C. and Modena, C. (2010). “Analytical model for FRP confinement of
concrete columns with and without internal steel reinforcement”, Journal of
Composites for Construction, ASCE, Vol. 14, No. 6, pp. 693-705.

Pessiki, S., Harries, K.A., Kestner, J.T., Sause, R. and Ricles, J.M. (2001). “Axial
behavior of reinforced concrete columns confined with FRP jackets”, Journal of
Composites for Construction, ASCE, Vol. 5, No. 4, pp. 237-245.

Popovics, S. (1973). “A numerical approach to the complete stress-strain curve of



609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640

concrete”, Cement and Concrete Research, Vol. 3, No. 5, pp. 583-599.

Rocca, S. (2007). Experimental and Analytical Evaluation of FRP-Confined Large Size
Reinforced Concrete Columns, Ph.D. thesis, Civil Engineering, University of
Missouri, Rolla, Missouri, USA.

Saatcioglu, M. and Razvi, S.R. (1992). “Strength and ductility of confined concrete”,
Journal of Structural Engineering, ASCE, Vol. 118, No. 6, pp. 1590-1607.

Samaan, M., Mirmiran, A. and Shahawy, M. (1998). “Model of concrete confined by
fiber composites”, Journal of Structural Engineering, ASCE, Vol. 124, No. 9, pp.
1025-1031.

Teng, J.G., Chen, J.E, Smith, S.T. and Lam, L. (2002). FRP Strengthened RC
Structures, John Wiley & Sons, West Sussex, UK.

Teng, J.G., Jiang, T., Lam, L. and Luo, Y.Z. (2009). “Refinement of a design-oriented
stress-strain model for FRP-confined concrete”, Journal of Composites for
Construction, ASCE, Vol. 13, No. 4, pp. 269-278.

Teng, J.G. and Lam, L. (2004). “Behavior and modeling of fiber reinforced
polymer-confined concrete”, Journal of Structural Engineering, ASCE, Vol. 130,
No. 11, pp. 1713-1723.

Teng, J.G., Lin, G. and Yu, T. (2014). “Analysis-oriented stress-strain model for
concrete under combined FRP-steel confinement”, Journal of Composites for
Construction, ASCE, 10.1061/(ASCE)CC.1943-5614.0000549, pp. 04014084.

Wang, Z., Wang, D., Smith, S.T. and Lu, D. (2012). “Experimental testing and
analytical modeling of CFRP-confined large circular RC columns subjected to
cyclic axial compression”, Engineering Structures, Vol. 40, No., pp. 64-74.

Xiao, Y. and Wu, H. (2000). “Compressive behavior of concrete confined by carbon
fiber composite jackets”, Journal of Materials in Civil Engineering, ASCE, Vol.
12, No. 2, pp. 139-146.

Zhang, Y.X. (2012). Behavior of Large-Size FRP-Jacketed Circular and Rectangular
Reinforced Concrete Columns, M.Sc. thesis, Department of Civil and
Environmental Engineering, The Hong Kong Polytechnic University, Hong Kong,
China.



Table 1 Parameters used in the parametric study

Concrete FRP Jacket Transverse Steel”
Effective
Compressive | Confinement | Rupture
confinement Yield stress
strength stiffness ratio strain . .
stiffness ratio fun (MPa)
fc,() (MPa) pK gh,rup ,
Ksteel/fco
0.01-0.15 at 0.75%,
20-50 at an 5-125 at an 200-800 at an
an interval of 1.5%,
interval of 10 interval of 10 interval of 100
0.005 2.0%

" For Parametric Study 2 only
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